
u?
0-)z

NATIONALADVISORYCOMMITTEE
FORAERONAUTICS

TECHNICALNOTE3369

MINIIvNJM-D~G BODIESOF REVOLUTIONIN A NONUNIFORM

SUPERSONICFLOW FTELD

By ConradRennemann,Jr.

LangleyAeronautical~almrtiory
Langley Fieldj V&

Washington

February 1955



K

TECHLIBRARYK.4FB,NM

NATIONALADVISORYCCMITTEEFCRAJZRONAUTICSIillllllilllllll[lilllili
TECHNICALNOTE3369

MINIMUM-DRAGBODIESCfFREVOLUTIONIN

UoLL4b7‘“--’

A NONUNIFORM

SUPERSONICFLOWFIELD

By ConradRennemann,

SUMMARY

Jr.

A generalexpressionforthe cross-sectional-areadistributionof
themin-ti-drag~odyof revolutionof givenvolumeandlengthin a non-
uniformsupersonicflowfieldis derivedonthebasisof linearized
theory.Thisresultis restrictedto caseswherethepotentialof the
disturbanceto theuniformstreamcanbe expandedin a Taylor’sseries
aboutthebodyaxis. Thetheoryis appliedto the determinationof the
minimum-dragbodyof revolutionof givenvolumeandlengthlocatedin
theflowfieldof a parabolicbody. Severalrepresentativecalculations
showthatthe interferencepressuresfroma mainbodyhavea negligible
effectonthe shapeforminimumwavedragofthe satellitebody (minimum-
dragbody).

.

INTRODUCTION
.

The aerodpamiccharacteristicsof airplanesdesi~ed for supersonic
flightspeedsare influencedby the interferenceeffectsbetweenthe
variouscomponentsof the configuration.In the analysisof interference
effectsbasedon linearizedtheory,it provesconvenientto introducean
interferencevelocitypotentialwhichis definedas thedifferencebetween
thevelocitypotentialfora completeconfigurationandthe sumofthe
velocitypotentialsof the isolatedcomponents.Thispotentialarises
fromproperlysatisfyingtheboundaryconditionsforthe flowpastthe
completeconfiguration.Thevelocityorpressureat anypointof the
flowfieldisthe sumof thevelocitiesor pressuresderivedfromthe
potentialsof eachof the componentsplusthe interferencepotential.
For example,thepressureactingon a givencomponent,suchas a wing,
is consideredto consistofthreeterms: thepressmethatwouldact on
thewingif itwereIn a uniformflowfield,thepressuresfromthe other
componentsof the configurationevaluatedon thewing,andthepressure
derivedfromthe interferencevelocitypotential.The lasttwoterms
arethe interferencepressuresactingon thewing.
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The calculationoftheforcesactingon a configurationis compl_i- .
catedby the interactionsbetweenthecomponents.Manyinvestigations
havebeenmadeoftheseinterferenceeffects,mostof whichhavecon-
sideredthe liftof wing-bodycombinations.Interferenceeffectson the ‘
wavedragof a configurationarealsoof importance,butto datelittle
workhasbeendonein thisdirection.FriedmanandCohen(ref.1) have
calculatedthewavedragof a systemof threebodiesof revolutionto
determinethe importanceof the orientationof thebodies.Theirstudy
consideredthe interferencewavedragarisingfromthepressuresfrom
onebodyactingon another.Theyconcludedthatthewavedragof sucha
configurationcanbe significantlylessthanthe sumof thewavedrags
of thevariouscomponentsprovidedthebodiesarelocatedforfavorable
interferencedrag.

Thebodiesconsideredby FriedmanandCohenintheirinterference
calculationsweredesignedforminimumwavedragin a uniformstream.
However,additionalwave-dragreductionsshouldbe possibleby properly
shapingthebodiesto takeadvantageof the interferencepressures.The
pressuresfromonebodyactingon anotherbodycanbe consideredas
arisingfroma disturbanceto a uniformstream;thatis,a bodylyingin
theflowfieldof anotherbodycanbe consideredto be in a nonuniform
stream.

In thepresentpaper,thewavedragof a bodyof revolutionin a
nonuniformsupersonicstreemis derivedonthebasisof slender-body
theory.Theareadistributionoftheminimum-dragbodyof revolutionin

e

a nonuniformsupersonicstreamis thenobtainedfortheauxiliarycondi-
tionsof givenvolumeandlen@h. Thisresultis usedto determinethe .
areadistributionof themintium-dragbodyof revolutionlyhg inthe
flowfieldof anotherbodyof revolution.Calculationsforseveral
representativecasesareincluded.

SYMBOLS

a,b)c,d constants

AJ(x),BJ(x) singuLmitystrengths

.
Pb-Pm

C%=P ~m~2—
C

D wavedrag

%E wavedragof Sears-Haackbody
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AD difference
●

fieldof
body

3

betweenwavedragof Sears-Haackbodyin flow
mainbodyandwavedragofminimum-dragsatellite

v- L

M
*

m

. P

Pm

Pm 2q = -&T

R(x)

()R $,6’

‘o

L A

len~h of satellitebody

lengthofmainbody

Machnumber

outwardlydirectednormalto basecontour

localpressure

streampressure

-L<x$;bodyradiusat any stationx, ~ =

baseradius

~ximum radiusof parabolicbody

radiusof cylinderof inte~ation

cylindricalcoordinates

S(x)=fiR2(x)

S(xl)= s(x)

(L/2)2
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u streemvelocity

~ . Volume

(2/2)3

X,y,z rectangularcoordinates

x
‘1=—l/2

z
‘1=—z/2

2,5 coordinatesystem
to mainbody

p . ~Fl

P localdensity

P* streamdensity

forlocationof satellitebtiywithrespect

a surfaceof integration

ql(x,y,z) velocitypotentialof a smalldisturbanceto a uniformstream

P.2(%Y,Z) velocitypotentialof a distributionof singularitiesalong
bodyaxisrequiredto representflowpastbdy in a uni-
formstream

93(X2YA interferencevelocitypotential
singularitiesalongbodyaxis
flowthroughsurfaceboundary
field

of a seconddistributionof
whichis requiredto
dueto nonuniformity

cancel
of flow

.

.
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Q velocitypotential

5)%+71 dummyvariablesof integration

A prtiedenutesthe derivativewithrespectto the argumentof the
function.

Subscriptsdenotepartialderivativeswithrespectto the indicated
variable.

ANALYSIS

DragEquatiori

In theanalysisof the flowpasta slenderbodyin a nonuniform
stream,basedon linearizedtheory,thenonuniformfieldis considered
to arisefroma smalldisturbanceto a uniformstresmof velocityU.
ThepotentialO oftheflowaboutthebcdycanthenbe expressedas

(1)

#3
.

.

nondimensionalvelocitypotentialof a smalldisturbmceto
theuniformstream

nondimensionalvelocitypotentialof a distributionof singu-
laritiesalongthebodyaxisrequiredto representtheflow
pastthebcdyin theuniformstream

nondimensionalinterferenceveloci~potentialof a second
distributionof singularitiesalongthebodyaxiswhichis
reqtiredto canceltheflowthroughthesurfacebounda~
dueto -thenonuniformi~of theflowfield
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.

Thewavedragis calculatedfromthemomentumtransferthrougha
surfaceenclosingthebody. Thevelocitiesandpressuresoccurringin
theexpressionforthemomentumtransferarerelatedto the disturbance
velocitypotentialsthroughequation(1)anda linearizedpressurerela-
tionship.In orderto facilitatethe integrationofthe resultingequa-
tions,thepotential@l is expandedin a Taylortsseriesaboutthebody
axis( )

xl-axisas

wherea consistentapproximationis obtainedby retainingthe firstthree
terms. The detailsof thisanalysisarepresentedinthe appendix,where
it is shownthatthewavedragof a slender,closedbodyof revolution
canbe writtenas

(3)

where

()and s xl isthenondimensionalbodycross-sectional-areadistribution.
The double-integraltermof equation(3)isthewavedragof a slender,
closedbodyof revolutionin a uniformsupersonicflowfieldas derived
byVon K6m6 (ref.2) andthe single-integraltermis the interference
wavedrag,whichdependsprimarilyon thepressuresfromthedisturbance
to theuniformstreamintefgatedoverthebodymrface.

Minimum-DragBody

()T!hebodycross-sectional-areadistributions xl , whichminmzes
equation(3),willbe determinedfortheauxiliaryconditionsof given

.
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● volumeandlengthof thebody. Thisis an isoperimetricproblemofthe
calculusof variations,and,whenthemethodoutlinedin reference3 is
employed,an integralequationfor s xl

() is obtainedas.

J1+1) dE

= a +bx + cx
()

~2+2J(KX
-lb-~1 1

1 1
(4)

where a, b, and c arearbitraryconstants.The solutionof equa-
tion(4)for s’ xl() is (ref.4)

where

and d is an arbitraryconstant.Integration

()
for s xl

of equation(~)gives

where

(6)

andusehasbeenmadeofthe conditions(-1)= O.



8 NACATN 3369

Thearbitraryconstantsa, b, c, and d occurringin eqyation(6) ‘
aredeteminedby useofthe end-pointconditions

S’(J) = s’(1)= s(1)= o

andtheauxiliarycondition

/:()
s xl dxl= V = Constant

where V isthevolumeof thebody dividedby
()
13
z“

minationoftheseconstants,theareadistributionof
of givenvolumeandlengthin a nonuniformsupersonic
as

.

Uponthedeter-

the optimumbody
streamis expressed

(7) .

where

For a unl.formsupersonicstream,$l(X1>YIJ‘J
Then

L

O andhence K(~l)=0.

()
p 3/2

gv(l-xl)sx=—1
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whichis the Sears-Haackminimum-dragbodyof revolutiontora given
volumeandlength(refs.> and6).Equation(7)is inthe formof

. Sears-Haackbody
etersdescribing

plusa correctiontermwhichis a functionof the
thenonuniformityof theflowfieldconsidered.

The areadistribution
givenvolumeandlengthin
presentedin equation(7).
problem,an expressionfor
analyticalexpressionfor

APPLICATION

fortheminimum-dragbodyof revolution

the
param-

Of
an arbitrarynonuniformsupersonicstreamis
In orderto applythisequationto anygiven
K(xl) is required.In manycases,an
K(’x7) is noteasilyobtained,or,if it is,

the integrationsofthisexp~e=~ionthatmustbe performedto obtainthe
bmlyareadistributionappearto makeanyapplicationof equation(7)
almostprohibitive.However,ithasbeenfoundthatin scmeapplications
it ispossibleto approximateK(xl) by a polynomialof thefourthorder
or less,andthata polynomialexpressionfor K x()1 caneasilybe inte-
gratedto obtainthereqtiredareadistribtiionof theminimum-dragbody
of revolution.Forthepolynomial

4
K(xl)= a. + alxl+ a~12. + a3x13+ a4xl

# theareadistributionof themininmm-dragbodyis,fromequation(7),

(8)

where ~(1.- xf~/2 isthe areadistributionof a Sears-Haackbody

of revolution.(Inorderthatthe areadistributionS(xl) mayalways
be positive,thevolume-to-length-cubedratio V of thebodycannot
becomesmallerthana limitingvaluedependenton a3 and a .4 See
eq. (8).) The wavedragoftheminimum-dragbodyof revolutioninthis
nonuniformstreamis,fromequations(3)and (8),

.

.

D .$+ 4V(a2+ a,) - $(3a~ + a<)
q(L/2)2

(9)
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Equation(8)forthe areadistributionis intheformof theareadis-
.

tributionof the Sears-Haackbodyof revolutionplusa correctionterm
independentofthevolumeof thebody. Thiscorrectiontermis also
independentof the constant,

w
linear,and quadratictermsin K(xl).

Thesetermsdo notaffecttheminimumproblemsincethe constantand
lineartermsdo notcontributeto thewavedragandthe quadraticterm
merelyaddsa constantamountof wavedragfora fixedvolume,whichis
independentof thebodycross-sectional-areadistribution.(Seeeq.(3).)

Forc=eswhere Kpl)=@l~l,o,o),thatisjwhen@lz12(x@)o)
and @Iy12(Xl,O,O)-= smallcowm’ed~th @% (Xl,O,O),fiich~l~be

1
()discussedsubsequently,K’ xl is -1/2timesthe interferencepressure

causedby thenonunifomnstream.Thenthepreviousdiscussionconcerning

()
thetermsin a polynomialK xl , whichaffectth~ shapeforminimumdrag,

canbe restatedintermsofthe interferencepressurecoefficient.The
shapeforminimumdragis independentof the levelofthepressureand
thepressuregradient;onlythe curvatureandhigherordertermsinthe
interferencepressuredistributioninfluencetheminimumshape.

Equation(9)forthedragof theminimum-dragbodyis intheform
of the dragofthe Sears-Haackbodyinthisnonuniformstream(firsttwo
termsof eq. (9))plusa correctiontermwhichis independentof the ●

volumeofthebody. Thiscorrectiontermisthedifferencebetweenthe
wavedragof the Sears-Haackbodyinthenonuniformstreamandthewave
dragoftheminimum-dragbodyandhenceisthewave-dragreductiondue .
to shapingthebodyforfavorableinterferencedrag. Thisdragreduc-
tionis constantfora givennonuniformstream,independentofthevohne-
to-length-cubedratioofthebody. Thisimpliesthatthepercentdrag
reductionwillincreasewithdecreasingvolumeforbodiesof equallength.

NonuniformFlowFieldProducedby a Bodyof Revolution

Onecasewherean expressionfor K xl() canbe obtainediswhen
the nonuniformflowfieldisproducedby a bodyin a uniformflowf5.eld;
thatis,thetheorydevelopedintheprecedingsectionscanbe usedto
determinethe shapeoftheminimum-dragsatellitebdy locatedinthe
flowfieldof a uin body. In thiscase @l(xl,O,O),fiichmustbe how-n

()tO dete~ine K Xl ~ isthedisturbancepotentialofthemainbodyevalu-
atedalongthe satellite-bodyaxis,provideddisturbancesoriginatingat
the satellitebodyand subsequentlyreflectedfromthemainbodydo not
influencethe satellitebody. This conditionimposesa limitingmimbnum
distancebetweenthetwobcdiesif anypartof the satellitebodylies .
betweenthenoseMachconeandtheforeconefromthetailofthemin

.
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.

body. Thislimitingdistancedependson the lengthof the satellitebody
andtheMachnumber. If the satellitebodyis closerto themainbody

. thanthislimitingdistance,K xl() is difficultto obtainbecausethere
willbe a contributionfromthe“areadistributionofthe satellitebody
whichisnotlmownat the outsetof theproblem.Sanetypeof iteration
procedurewouldprobablyhaveto be employedin suchcases.

If thenonuniformflowfieldunderconsiderationarisesfromthe
disturbancefieldof a smoothbodyof revolution,somesimplificationin
theformof K(5) is possible.‘he derivativeof ‘(XJ ‘i’hrespec’

()to xl,thatis, K’ xl , is composedof threeterms:-@~”(x@,o),xl
L

@l2(X1,V))and@lz12(&w)”Xn generalif @l(xl,O,O)arises
Y1

froma smoothbodyof revolution,!%Y12(x1,0,0)and @lzl*(XIJO,O)

willbe sm.aU compared tith @lxl(xl,O,O)iftheradialdigtancefrom

thebodyis sufficientlylarge. For example,calculationsperformed
withthelinearizeddisturbancepotentialfrana parabolicbodyof revolu-
tionof finenessratio10 showedthat @lx (X1,O,O)was ofthe orderof

1

. 10 timeslargerthan @~12(xl,0,0) and ~~z12(xl,0,0)at stationsthat

were2.5maxirmmbodyradiifromthebody. Consequently,onlya small
. erroris incurredin suc~casesby neglectingthe contributionsof

@ 2(5,0,0) and @lzl (X-#@ to K’(xl).Then K’(%)= dql(xljojo)
1

or K(X1)= d+,m); that is, K(X1)isthe linearized ~s’~~an=
potentialof themainbodyevaluatedalongthe satellite-bcdyaxis,and
a pol.yncmialapproximationfor K(x_J is easilyobtained.

The dragof theminimum-dragsatellitebodyhasbeencalculatedfor

tworatiosof volumeto (2/2)3,V = 0.037010and V = 0.0~253,which
correspondapproximatelyto satellite-bodyfinenessratiosof 10 and20,
respectively.A sketchofthe configurationis shownin figure1. The
locationof the satellitebcdyis designatedbythe coordinatesp,~,

where ~=g-$:, 2! and ~ arethe coordinatesofthe noseof the
1

satelliteb~y, X = ~ = O arethe coordinatesof thenoseof themain
body,and 1 is the lengbhof themainbody. The lines I.L= Constant
areMachlinesfromthenw.inbodyin theplanepassingthroughthe axes
of bothbodies. In bothcasesthemainbodyis a parabo~cbodyof
revolutionof finenessratio10 andthe satellitebodyis one-fourththe
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lengthofthemainbody. TheMachnumberis @ and ~ = 2.5%X, where
k isthemaximumradiusof themainbody. Forthe casesconsidered, .
thisdistancebetweenthebodiescorrespondsto the limitingminimum
distance.A polynomialexpressionfor K(xl) wasobtainedforeach
locationof the satellitebodyby fittinga polynomialto the linearized
potentialof theparabolicbcdyevaluatedalongthe satellite-bodyaxis
andthe dragwascalculatedfromequation(9).

The resultsofthesecalculationsarepresentedin figure2 as the
differencebetweenthewavedragof a Sears-Haackbodyintheflowfield
ofthemainbodyandthewavedragoftheminimum-dragsatellitebody
AD dividedby thewavedragof the Sears-Haackbody ‘SH‘ Thisquan-

/
tity AD DSH is plottedagainstV, thelocationofthe satellitebody,
andrepresentsthefractionaldragreductionobtainedby shapingthe
satellitebodyforfavorableinterferencedrag. Forbothcasesof fig-
ure 2, theminimum-dragsatellitebodyhaslessdragthantheSears-
Haackbodyinthe samestream,as wouldbe expected,butthepercentdrag
reductionis lessthan2 percentformostlocationsof the satellitebody.
Consequently,sincetheseare fairlyrepresentativecases,littleor no
advantagecanbe expectedfromshapingsatellitebodiesforfavorable
interferencedrag,whenthe interferencepressuresarisefroma smooth
bodyof revolutionsufficientlyfarremovedthatthe satellitebodyis

—

not influencedby reflecteddisturbances.The importantparameterappears -
to be the locationof the satellitebodyas shownby FriedmanandCohen
in reference1. .

In orderto illustratethetypeof areadistributionthatgives
minimumwavedraginthenonuniformflowfieldarisingfroma parabolic
mainbody,theminimum-dragareadistributionfora satellitebodyof
finenessratio10 (V= 0.037010)locatedat w = O ispresentedin fig-
ure 3. Theareadistributionof the Sears-Haackbodyof the samevolume
andlengthis alsoincludedforcomparisonpurposes.As wouldbe expected,
thereis littledifferencebetweentheareadistributionsof thetwo
bodies.

NonuniformFieldPrducedby Wings

Thetheorythathasbeenpresentedis alsoapplicablewhenthenon-
uniformflowfieldis prcducedby a wing,providedthebodyis offthe
wing. Thisrestrictionarisesfromthederivationof equation(1)where
it wasassumedthatthepotentialofthedisturbanceto theuniformstresm
canbe expandedin a Taylor’sseriesaboutthebodyaxis. However,fora
~ngj !%_zlis discontinuousin theplaneof thewinganda Taylor’sseries

.
expansioninthatregionis notpossible.

,
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The calculationsmadeforthetwo-bodyproblemindicatedthat,for
a nonuniformflowfieldproducedby a smoothbody,the correctionto the. Sears-Haackshapewasdeterminedprimarilyby the curvatuxeofthepres-
suredistributionin thenonuniformstream.In general,thecuxvature
of thepressuredistributionarisingfroma smoothwingwillnotbe
greatlydifferentfromthatfora smoothbody. Consequently,onlysmall
dragreductionsareexpectedfor satellitebodieslocatedintheflow
fieldof a wing.

Iax@ey AeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,November18,1954.
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APPENDIX

WAVE-DRAGEQUATIONFORA SLENDERBODYINA

NONUNIFORMSTREAM

Thewavedragof a slenderbodycanbe determinedby themomentum
transferthrougha surfaceenclosingthebodyas

wherethe

andwhere

o

5

i

?

P

P

x,r,e

(Seefig.

D=
J

fi.~pda +
J

p(fi.~)(~s~)da
G a

continuityequationis

J
p~.fida = O

u

(Al)

(A2)

enclosingsurface

unitvector,directedinward,normalto a

unitvectorinthex-direction

velocityvector

localpressure

localdensity

cylindricalcoordinates

4.) It provesconvenientto taketheenclosingsurfaceas two

planesnoml to thex-axisat x =-~ and 1x=—2
anda cylinder

r = ‘o = Constant.Whena disturbancevelocitypotentialq definedby

(A3)

.

.
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.
is introducedintoequations(Al)and (A2),thewavedragmaybe expressed
as

.

D =~ro~’% ‘ ‘=”’’x)x=.jr M “ -La J![;,$ ‘ ‘“$’x)x~r b “ -

J“J ‘Jq’vx)r=ror.‘e ~ - ‘b%
(A4)

where

% basepressure

% basearea

()R $,9 baseradius

and qx2 hasbeenneglectedinasmuchas it is smallin conprisonwith

TX“

In orderto relatethewavedragto thebodygeometryandto the
. disturbanceto theuniformstream,theformof $J mustbe lmown. If

thenonuniformfieldis consideredto arisefroma smalldisturbanceto
a uniformstream,q canbe expressedas

.

where

velocitypotentialof a
stream

velocitypotentialof a

smalldisturbanceto theuniform

distributionof singularitiesalong

In order
potential91

(x-axis) as
.

thebodyaxisrequiredto representtheflowpastthebody
in theuniformstream

interferencevelocitypotentialof a seconddistributionof
singularitiesalongthebcdyaxiswhichis requiredto can-
celtheflowthroughthe swrfaceboundarydueto thenon-
uniformityof the

to facilitatethe
is expandedin a

flowfield

integrationofthemomentumequation,the
Taylor’sseriesabut thebody@s
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PJ%YA = 9+,0,0) + Z91Z(X,0,0)+wl$w) + ● “ “ (A6)

The slender-bodyapproximationforthepotentialcp2+ Q5 ‘ofthe singu-

laritiesdistributedalongthebodyaxisis

(A7)

where AJ(x) and Bj(x) arethe singularitystrengthsto be evaluated

fromtheboundaryconditionson thebody. (Seeref.7.)

The localpressurep is relatedto the streampressurepm and
the disturbancepotentialq by

(A8)

2 hasbeenneglectedinasmuchas it Is smallin comparisonwithwhere 9X

()
(p@2

9X) CPr2,and ~ . ()
90 2Inmanycasesthe contributionto qr2 and ~

(fromthe nonuniformityoftheflowfield cplr2
( ))
9~8 2

and willbeT
smallcomparedwith cplx.However,thesetermsareretainedin orderto

treatcaseswheretheyareimportant.Thefirstthreetermsof equa-
tion(A6)arethenretainedas consistentwiththisapproxhation.

Combiningequations(A4)and (A8)@elds

(A9)
.

.
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.
where

.

and

~= %’‘2
Theformof thepotentialq = TJl+ q2 + T5 is suchthatit satisfies
Laplace’sequationin the cross-flowplane. Then

V2C$. 0

andequation(A9)becomes

r=ro r=ro

dx - Cpj% (Ale)

is a contourintegralaboutthebaseof

thebodyand m is the outwardlydirectednormalto thebasecontour.
Whenequations(A5),(A6),(A7),and (A1.0)arecombinedandtheintegra-
tionsover e areperformed,thefollowingeqmtion is obtainedforthe
dragof a slenderbodyin a nonuniformstream:
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.

.

where

+;)=+;) =c)

thatis,allthe singularitystrengthsare zeroat thenoseof thebody.

Fora bodyof revolutionthe contourintegralof equation(All)can
be partiallyevaluated.Then

where Rb isthebaseradiusforbodyof revolution.

.

.

In orderto calculatethedragof a prescribedbody,the strength
ofthe singularitiesmustbe relatedto the geometryofthebody. For
a bodyof revolution,thefollowingrelationis obtainedfromthebound-
arycondition:

Or= RX(X)OX (A13)

where R(x) istheradiusofthebodyat anystationx. Fromequa-
tions(A3),(A5),and (A13)

( )u Ur + 92r + ’93r = (
RX(X)U1 + 91X+ 92X+ q3x

)

.

.
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.

or approximately

.

%r+‘?r+‘3rs ‘x(x)

and combiningequations(A6)S(A7)~and (~4) gives

.

.

lg

(A14)

AO(X) m

~R(x) -
x [j=l*Aj(x)cos je 1+Bj(x)sinje - T@o,o)cos e +

Fromequation(Al>)
geometryby setting

Rx(x) (A15)

the singularitystrengthsarerelatedto thebody

Ao(x)= ~R(x)Rx(x)= S’(X)

Bl(x)
— . Qly(%o,o)
R2(x)

Al(x)
—= -Qlz(x,o,o)
R2(x)

AJ(x)= Bj(x) = O j>l I (KI_6)

Combiningequations(All),(A12),and (A14)givesthe expression

D s’(1/2)
J

1/2 l/2 1/2
_.— 6“(x) lo&l~- Xl dx -&f j S“(X)S”(E) l~[x - El dt ~ -
~ x .tf2 -1/2 -1/2

forthewavedragof a bodyof retiolutionin a nonuniformstream.For a

closedbdy of revolution
“(i) = ‘(i)=

O andequation(A17)becomes
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DJ-
L/2

JJ

1/2

IS“(X)S’’(5)logeX - ~ d~ dx -.=-—
~~ -z/2 -2/2

f

l/2
2

-1/2 [
s’(x)q~(x,o,c))

If 2/2 is usedas theunit
in nondimensionalformas

1+9#x,o,o) +&(x,o,o) dx

of length,equation(A18)canbe

where

K’(XJ=@,xJ&w)+d,ylz(xl,o,o)+01Z12(X1,0,0)

and

()Sx= s(x)
1

(2/2)2

and

.

.

(JU8)

expressed

f+,o,o)=2pJ;’0’0)



lJJIC~TN3369 21

.

.

1.

2.

3.

4.

. 6.

r 7.

EmFERENms

Friedman,MorrisD.jandCohen,Doris: Arrangementof FusiformBodies
To ReducetheWaveDragat SupersonicSpeeds.N.AC!ATN 3345,I@.
(SupersedesNACARM A5d120.)

VanI&m&, Th.: TheProblemofResistancein CompressibleFluids.
R. Accad.d’Italia,Cl.Sci.Fis.,Mat.e Nat.,vol.XIV,1936.
(FifthVoltaCongressheldinRome,Sept.30 - Ott.6, 1935.)

Weinstock,Robert: Calculusof Variations.Firstcd.,McGraw-Hill
BookCoo,tiC.,1952.

S&ngen,Heinz: DieI&mngen

af(g)g(x)=*
f

— d~ und
-a x -k

MathematischeZs., vol.45,

Haack,W.: ProjectileShapes

derIntegralgleichung

derenAnwendungin derTragfl”&eItheorie.

1939,pp. 245-264.

forSmallestWaveDrag. Translation
N0.-A9-T-3,Contractw3~038-ac-15004(16351),ATI No.27~, Air
MaterielCommand, U. S.AirForce,BrownUniv.,1948.

Sears,WilliamR.: On ProjectilesofMinimumWaveDrag. @arterly
Appl.Math.,vol.IV,no.4, Jan.1947,pp. 361-366.

Ward,G. N.: SupersonicFlowPastSlenderPointedBodies. Quarterly
Jour.Mech.andAppl.Math.,vol.11,pt. 1, Mar.199, pp. 75-97.



,=++=0

Figure 1.- Geouetqy of the two-body configuration.
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Figure !--- Coordtiati systerm and integrationsurface for drag calculation.


